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I introduction 

. .„.ere  with  .n  alkali  »etal  (aodlu.)  was  11-t 
seeding  the  upper  atno  1 The  objective  »as  then  to 

.posed  as  an  "Jl.istr,,  and  although  the  sub- 

certain  understanding  oi  the 

equent  experiments  dl  ^ right. 

, ..  seeding  experiments  became  a majo  T.tionale 

aile  some  seeding  ma  ride  y 

peyond  an  expensive  ^ the  neutral  and  ionized 

7„^,riy  ionized  by  unattenuated  sunlight  ^ 
r;l  iTIv^rnd  ea^  - the  sa.  alactron  configuration  « P s 

r <10  hg)  has  baan  saadad  at  70,  80,  and 
cesium  in  moderate  amoun  s 

. Mr  Force  Cambridge  Basaarah  Center  irituda 

90  km  by  the  Air  possibly  at  the  lower  altltud 

"°"'\^°:cr:ns:;ion  ly  have  pravantad  the  creation  of  Cs  . 

that  cesium  should  be  further  considered  as  a pos- 
We  propose  here  ^ region.  Cesium  is  superior  o 

sible  seed  for  the  upper  mesosphe  ^ ^ 

- other  seeding  suhs.n^  ^ lecai 

lowest  altitudes  of  the  natura 

^n<,t  Chemical  destruction, 
lifetime  against  cnenu. 
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II  INJECTION  AND  SPREADING 


Suppose  for  definiteness  that  7500  moles  (one  ton)  of  cesium  (mass 

133)  is  initially  injected  explosively  from  a point  source  at  80  km, 

14  “3 

where  the  ambient  density  is  N « 5 X 10  cm  . The  cesium  source  is 
27 

T1  = 4.5  X 10  atoms.  The  initial  expansion  will  reach  a minimum  radius 
given  by 


4 

3 


3 

Ttr 


27 

4.5  X 10 

. 14 

5 X 10 


4 

or  r 10  cm  >c;fore  the  Cs  density  equilibrates  with  the  ambient  atmo- 
sphere. We  shall  suppose  in  the  following  that  the  ejection  extends 
vertically  over  a range  of  10  km.  The  horizontal  winds  and  turbulence 
will  spread  material  at  characteristic  velocities  of  10  to  100  m/s; 
hence  within  mirates  the  cloud  must  subtend  a radius  of  several  kilom- 
eters. After  one  day,  with  a horizontal  eddy-diffusion  coefficient  of 
10  2 

K ~ 3 X 10  cm  /s,  the  cesium  cloud  would  cover  a radius  of  r <v /Kt  = 
500  km. 


There  is  considerable  uncertainty  in  the  horizontal  eddy-diffusion 

coefficient.  Certainly  horizontal  mixing  is  much  faster  than  vertical 

mixing.  The  tentative  value  of  K adopted  here  is  suggested  by  the 

characteristic  velocity  differences  (up  to  150  m/s)  seen  over  distances 

of  10  km  in  some  of  the  early  seeding  experiments  in  the  80-to-100-km 
^ 3 

region.  In  addition,  zonal  winds  could  possibly  transport  the  cloud 
several  hundred  or  even  thousand  kilometers  per  day,  but  little  is  known 
of  systematic  winds  in  the  D region. 
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vertical  motions  are  much  slo»cr.  Eventually  vertical  mixing  will 
destroy  the  ellectlveness  ol  the  cesium  by  rem«vl,*  It  from  the  D region, 
hut  that  process  would  require  many  days  or  even  weehs . The  vertical 
motions  are  domlntted  In  this  region  by  turbulent  mixing  with  an  eddy 
eeelflclent^  of  the  order  of  . b X 10^  cm^/s . While  Its  rate  Is  rather 
uncertain,  this  large-scale  mixing  Is  much  more  Important  than ^molecular 
diffusion.  Cesium  will  have  a molecular  diffusion  coefficient  of 
„ - lo"'  cm"/s  that  will  produce  vertical  diffusion  velocities.  D/hx , of 
only  10-^  cm/s.  By  contrast,  the  eddy  mixing  will  proceed  a factor  of 

50  faster,  or  at  about  1/2  km/ day. 

in  sum^ry,  the  later-tlme  ^tlons  consist  of  a slow  vertical  mixing, 
a moderate  horlxontal  attenuation  by  turbulence,  and  an  unknown  but  pos- 
sibly rapid  tonal  transport.  The  thickness  dx,  horlxontal  radius  r,  an 
mean  density  <») , are  summarlxed  at  three  time  Intervals  In  Table  1. 


Table  1 

assumed  spreading  of  a one-ton  cesium  cloud 


t 

Az 

(km) 

r 

(km) 

<n) 

-3^ 
(cm  ) 

1/4  hr 

10 

50 

7 

6 X 10 

1 day 

10 

500 

5 

6 X 10 

4 days 

10 

1000 

1.5  X 10® 
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Ill  CHEMISTRY 


Atomic  Cs  may  be  oxidized  by  one  or  more  of  the  following: 


Cs  + 0 CsO  + 0 , + 2.1  eV 
3 


(1) 


Cs  + 0 + M CsO  + M,  + 3.2  eV 


(2) 


and 


Cs  + 0 + M -»  CsO„  + M 

2 2 


(3) 


The  principal  reduction  mechanism  is  likely  to  be 


CsO  + 0 -»  Cs  + 0 , + 1.9  eV 


(4) 


Fo»-  CsO  formed  by  reaction  (3),  the  reduction  cycle  is  probably 
2 


CsO^  + 0 ->  CsO  + 0^ 


(5) 


followed  by  reaction  (4). 

Hydroxyl  chemistry  could  complicate  the  cycles  with  CsH  formed  in 
place  of  CsO  and 


CsH  + 0 ^ Cs  + OH 


(6) 


replacing  reaction  (4).  Similarly,  CsO  could  be  removed  by 
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(7a) 


CsO^  + H 


CsH  + O 


CsO  + OH 


(7b) 


With  the  large  amounts  of  ionization  present  (see  Section  IV),  the 
chemistry  may  become  further  complicated  by  reactions  between  positive 
and  negative  ions . A quantitative  discussion  is  hampered  by  a lack  of 
information  on  reaction  rates  and  even  dissociation  energies.  The 
tentative  value  of  3.2  eV  for  dissociation  of  CsO  is  based  on  a theoreti- 
cal calculation  by  Gusarov  and  Gorokhov.  The  estimated  error  is  ±0.25  eV, 
but  measurements  on  LiO  and  NaO  Indicate  that  the  theoretical  computations 
tend  to  be  slightly  larger  than  the  experimental  values. 

With  the  postulated  large  amounts  of  cesium  deposited,  reaction  (1) 
will  be  initially  important  in  destroying  0^  locally,  anri  0^  reactions 
can  consequently  be  omitted  from  the  quasi-equilibrium  chemistry,  at 
least  for  the  present  qualitative  discussion. 

The  principal  oxidation  process  is  probably  reaction  (3).  The  rate 
coefficient  has  been  measured  at  2.1  X 10  cm  s in  the  temperature 
range  1420  to  1600  °K,  where  it  has  twice  the  rate  for  the  equivalent 
reaction  with  Na . However,  the  Na  rate  increases  with  decreasing  tempera- 
ture  and  Is  probably  about  lo'“  cm®  s'^  at  150  °K;®  a similar  value 
should  be  appropriate  for  reaction  (3). 

The  portion  of  free  Cs  will  then  be 


14  -3  1 ,^14  -3 

For  Illustration,  if  at  80  km,  = 5 X 10  cm  , 1^2-'  “ cm  , 

^ 11-3  "11  3 -1 

[o]  =10  cm  , and  k ~ k ~ 3 X 10  cm  s , we  have 

4 5 

[Cs]  ^ 3 
[CsO  + CsO^] 

or  most  of  the  Cs  remains  free  at  80  km. 

At  appreciably  lower  altitudes,  Cs  would  be  chemically  consumed  and 

the  high  ionization  levels  possible  at  80  km  would  not  occur.  Although 

based  on  plausibility  values  for  k^  and  k^ , this  qualitative  result  is 

2 

compatible  with  the  earlier  cesium  seeding  experiments  producing 
ionization  at  80  km  but  not  in  detectable  amounts  at  70  km. 

Further,  since  the  cesium  chemistry  probably  parallels  closely  that 
for  sodium,  this  result  is  compatible  with  Na  twilight  airglow  observa- 
tions, which  indicate  that  free  Na  peaks  at  about  85  km  aod  diminishes 

rather  abruptly  below  80  km.  In  this  regard  it  is  interesting  to  note 

2 

that  reaction  (4)  is  energetically  capable  of  producing  Cs(  P)  levels, 

0 0 

which  are  the  upper  levels  for  the  resonance  lines,  8943  A and  8521  A. 
The  Na  "D"  lines  (5896  A and  5890  A)  are  probably  produced  by  the 
analogous  sodium  reaction  in  the  night  airglow. 


IV  IONIZATION 


The  low  ionization  potential  of  3,894  eV  (3183  A)  for  Cs  will  cause 

it  to  be  ionized  by  solar  radiation  at  comparatively  low  altitudes. 

14  , 2 

With  an  overhead  0 abundance  above  80  km  of  10  molecules/cm  , and  an 

, « -20  2 

absorption  cross  section  of  a (O  13200  A)  « 3 X 10  cm  , the  Cs  de- 

o 

posited  in  this  region  will  not  be  seriously  shielded  from  sunlight.  The 

9 -19  2 

Cs  photoionization  cross  section  near  the  threshold  is  cj  10  cm  . 

13  2 

With  an  average  solar  flux  of  10  photon/cm  -s-A  and  a region  of  the 
order  of  1000  A wide  free  of  attenuation  of  0 , the  ionization  rate  is 

O 


d[Cs] 
[Cs]  dt 


-1 

s 


or  an  ionization  time  of  about  1/4  hour. 

Because  of  the  low  ionization  potential  (3,9  eV)  of  Cs , charge- 
transfer  reactions  of  Cs^  with  neutrals  can  be  ignored.  The  ionization 
balance  of  cesium  will  be  governed  by  mutual  neutralization, 

Cs'*'  + x"  -»  Cs  + X . (8) 

The  principal  factors  in  the  ionization  balance  are  the  following. 
Free  electrons  are  produced  by  photoionization  of  Cs  and  by  photodetach- 
ment and  associative  detachment  from  D-region  negative  ions , such  as 
0,0,  and  the  so-called  "terminal"  negative  ion,  still  not  firmly 

A 

identified.  Electrons  are  lost  by  radiative  and  three-body  attachment. 
In  addition,  equilibrium  for  each  negative  ion  is  established  by  attach- 
ment, detachment,  and  mutual  neutralization. 
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An  approximate  solution  of  the  daytime  equilibrium  equations  gives 
an  ionization  density  of 

+ 7-3 

rcs  ] « [e]  = 5 X 10  cm 


a negative  ion  ratio  of 


and  a cesium  ion/neutral  ratio  of 
[Cs]  ' • 

An  electron  density  of  3 X lo’^  cm“^  , which  can  be  expected  in  the 
early  period  (see  Table  1).  corresponds  to  a critical  frequency  of  about 
50  MHz/s.  The  attenuation  for  vertical  incidence  over  the  10-km  per- 
turbed region  is  about  4 dB  at  400  MHz  and  25  dB  at  150  MHz.  At  later 
times,  densities  of  ~ lo'  cm“"  in  the  D region  could  cause  long-lived 

daytime  HF  absorption  over  areas  hundreds  or  even  thousands  of  kilometers 


in  radius. 


V DISCUSSION 


Cesium  is  especially  suited  as  a seeding  material  for  producing 

long-lived  effects  , and  it  could  be  traced  for  days  or  weeks  in  suitable 

abundances.  It  can  exist  in  the  free-ion  form  at  low  D-reglon  altitudes 

probably  better  than  any  other  atom.  It  has  a low  ionization  potential, 

being  photoionized  by  the  solar  flux  below  3200  A.  Although  K and  Rb 

also  have  fairly  low  ionization  potentials , their  photoionization  cross 

9 

sections  are  not  so  favorable. 

Suppose  a cloud  of  cesium  were  deposited  in  the  80-km  region.  While 
zonal  winds  may  carry  it  in  a way  still  not  known,  the  cloud  will  disperse 
only  gradually.  Each  evening  the  ionization  will  largely  disappear,  only 
to  reappear  at  sunrise. 

The  ions  in  the  D region  may  also  be  subject  to  drifts  induced  by 

ionospheric  electric  fields,  as  is  the  case  for  barium  ions  released  at 
10 

hight^r  altitudes.  Very  little  is  known  about  horizontal  motions  in 
this  region,  and  a long-lived  experiment — one  in  which  the  seed  imtsrial 
can  be  tracked  for  days — would  be  desirable. 


9 


REFERENCES 


1. 


D.  R.  Bates,  "A  Suggestion  Regard! 
the  Amount  of  Atmospheric  Sodium," 
pp.  347-349  (1950). 


ng  the  Use  of  Rockets  to  Vary 
J.  Geophys,  Res . . Vol.  55, 


2. 


J.  Pressman,  F. 
Electron  Clouds 
(1960). 


F.  Marmo,  and  L.  M.  Aschenbrand,  "Artificial 
VI,  Planet.  Space  Scl . . Vol.  2,  pp.  228-237 


Artitlclels  de  Sodium,"  Comptes  Rendu, 

Vol.  249,  pp.  1248-1250  (1959).  — ’ 

4.  B G Hunt,  "A  Generalized  Aeronomlc  Model  of  the  Mesosphere 

— Vol.  35,  pp.  1755-1798  (1973).  

5.  M Nloolet  Effects  in  the  High  Atmosphere,"  in  The 

as  a Planet , c.  P.  Kuiper,  ed.,  pp.  644-71?  ftniver^lfv  of 
Chicago  Press,  Chicago,  111.,  1954).  ^ 

6.  A V.  Gusarov  and  h.  H.  Gorokhov,  "Dissociation  Energies  of 
Molecules  on  Monosides  of  Alkali  Metals,"  Teploflz.  Vvs.  Tern, 

Vol.  9,  pp.  505-512  (1971).  > 

7.  R.  Carabetta  and  W.  E Kacikan  "'rvi.n  j a.j 

J „ K.asKan,  The  Oxidation  of  Sodium  Potac?t4^,. 

(196«  Vol.  72.  „p.  2483-2489 

8.  A Dalgarno,  "The  Altitudes  and  Excitation  Mechanisms  of  the  Night 

Airglo.,'  Geophys.,  Vol.  14,  pp.  241-252  (1958).  " 

9.  G.  V.  Marr,  "Photolonlzatlon  in  Gases  " n iTi  /-a  j j 

New  York,  N.Y.,  1967).  ’ ^Academic  Press, 

10.  0 Haerendel,  R.  Uist . and  E.  Rieger.  "Motion  of  Artificial  Ion 

louds  in  the  Upper  Atmosphere,"  Planet.  Si, ace  .Scl  v„,  i. 
pp.  1-18  (1067).  ^ 


10 


DISTRIBUTION 


Director 

Advanced  Research  Projects  Agency 
1400  Wilson  Blvd. 

Arlington,  VA  22209 
Attn:  LTC  W.  A.  Whitaker 

Program  Management  (2) 

Defense  Documentation  Center  (12) 
Cameron  Station 
Alexandria,  VA  22314 

Director 

Defense  Intelligence  Agency 
Washington,  DC  20301 
Attn:  DT-1,  J.  Vorona 

Director 

Defense  Nuclear  Agency 
Washington,  DC  20305 
Attn:  RAAE,  Charles  A,  Blank 

Chief 

Livermore  Division  FLD  Command  DNA 
Lawrence  Livermore  Laboratory 
P.O.  Box  808 
Livermore,  CA  94550 
Attn:  FCPRL 

Commander 

Harry  Diamond  Laboratories 
2800  Powder  Mill  Rd. 

Adelphi,  MD  20783 
Attn:  W.  Carter 

Commander 

Trasana 

White  Sands  Missile  Range,  NM  88002 
Attn:  R.  E.  Dekinder,  Jr. 


Director 

U.S.  Army  Ballistic  Research  Labs 
Aberdeen  Proving  Ground,  MD  21005 
Attn:  M.  D.  Kregel 

Coicnanding  Officer 
U.S,  Army  Electronics  Command 
Atmospheric  Sciences  Laboratory 
White  Sands  Missile  Range,  NM  88002 
Attn:  R.  Olsen 

Commander 

U.S.  Army  Materiel  Command 
5001  Eisenhower  Ave. 

Alexandx'la,  VA  22333 

Attn:  AMCRD-WN-RE,  J.  F.  Corrigan 

Chief 

U.S.  Army  Research  Office  (Durham) 
Box  CM,  Duke  Station 
Durham,  VC  27702 
Attn:  CRDARD-P,  R,  Mace 

Chief  of  Naval  Research 
Navy  Department 
Arlington,  VA  22217 
Attn:  Code  464,  T.  P,  Quinn 

Commander 

Naval  Electronics  Laboratory  Center 
San  Diego,  CA  92152 
Attn;  W.  F.  Moler 

Code  2200  1,  V.E.  Hildebrand 

Director 

Naval  Research  Laboratory 

Washington,  DC  20375 

Attn;  Code  2027,  lechnical  Library 


11 


Commander  Sandia  Laboratories 

Naval  Surface  Weapons  Center  P.O.  Box  5800 

White  Oak,  Silver  Spring,  MD  20910  Albuquerque,  NM  87115 
ATTN:  Code  1224,  Navy  NUC  PRGMS  OFF  ATTN:  DOC  CON  for  3141  Sandia 

D.  J.  Land  COLL 


Commander 

Naval  Surface  Weapons  Center 
Dahlgren  Lai  oratory 
Da'ilgren,  VA  22448 
ATTN:  D.  F.  Hudson 

AF  Cambridge  Research  Labs,  AFSC 
L.  G.  Hanscom  Field 
Bedford,  MA  01730 
ATTN:  OPR,  J.  H.  Schummers 

Library 

AF  Weapons  Laboratory,  AFSC 
Kirtland  AFB,  NM  87117 
ATTN:  DYT,  CAPT  Hollars 

Commander 

Foreign  Technology  Division,  AFSC 
Wright-Patterson  AFB,  OH  45433 
ATTN:  MAJ  E.  Frey 

Division  of  Military  Application 
U.S.  Energy  Research  & Development 
Administration 
Washington,  D.C.  20545 
ATTN:  DOC  CON  for  MAJ  D.  A.  Haycock 

University  of  California 

Lawrence  Livermore  Laboratory 

P.O.  Box  808 

Livermore,  CA  94550 

ATTN:  W.  H.  Duewer,  GEN  CHEM  DIV 

Los  Alamos  Scientific  Laboratory 

P.O.  Box  1663 

Los  Alamos,  NM  87545 

ATTN:  DOC  CON  for  J.  S.  Malik 


Central  Intelligence  Agency 
ATTN:  RD/SI,  RM  5G48  HQ  Bldg 

Washington,  D.C.  20505 
ATTN:  NED/OS I - 2Q48  HQS 

Department  of  Commerce 
National  Oceanic  & Atmospheric 
Admin 

Environmental  Research  Laboratories 
Boulder,  CO  80302 
ATTN:  J.  H.  Pope 

F.  Fehsenfeld 

NASA 

Goddard  Space  Flight  Center 
Greenbelt,  MD  20771 
ATTN:  Technical  Library 

National  Science  Foundation 
1800  G.  Street,  N.W. 

Washington,  D.C.  20556 
ATTN:  M.  K.  Wilson 

Aeronomy  Corporation 
P.O.  Box  2209,  Station  A 
Champaign,  IL  61820 
ATTN:  S.  A.  Bowhill 

Aerospace  Corporation 
P.O.  Box  92957 
Los  Angeles,  CA  90009 
ATTN:  T.  Widhoph 

Battelle  Memorial  Institute 
505  King  Avenue 
Columbus , OH  43201 
ATTN:  STOIAC 

TACTEC 


12 


t 


* 


« 


Bell  Laboratories 
6300  E.  Broad  Street 
Columbus,  OH  43213 
ATTN:  G.  F.  Moluistreiter 

The  Trustees  of  Boston  College 
Chef  .at  Hill  Campus 
Chestnut  Hill,  MA  02167 
ATTN:  Chairman,  Dept,  of  Chem. 

Chairman,  Dept,  of  Physics 
Library 

University  of  California,  Riverside 
Riverside,  CA  92502 
ATTN:  A.  C.  Lloyd 

University  cf  Calif,  at  San  Diego 
Bldg.  500  Matthews  Campus 
3175  Miramar  Road 
La  Jolla,  CA  92037 
ATTN:  S.  C.  Lin 

California  Institute  of  Technology 
1201  E.  California  Blvd. 

Pasadena,  CA  91109 
ATTN:  V.  Anieich 

University  of  California 

Berkeley  Campus,  Room  8 

2543  Channing  Way 

Berkeley,  CA  94720 

ATTN:  W.  H.  Miller,  Dept,  of  Chem. 

Kent  State  University 
Department  of  Chemistry 
Kent,  OH  44242 
ATTN:  W.  C.  Fernelius 

The  University  of  Florida 
231  Aerospace  Bldg. 

Gainesville,  FL  32611 

ATTN:  R.  Isler,  Physics  Dept. 

W.  B.  Person,  Chem.  Dept. 


Geophysical  Institute 
University  of  Alaska 
Fairbanks,  AK  99701 
ATTN:  H.  Cole 

Harvard  University 

Dept,  of  Atmospheric  Sciences 

Pierce  Hall 

Cambridge,  MA  02138 

ATTN:  M.  Kanal 

University  of  Illinois 

Aeronomy  Laboratory 

Urbana  Campus 

Urbana,  IL  61801 

ATTN:  J.  Schroeder,  Chem.  Dept. 

University  of  Maryland 

Administration  Building 

College  Park,  MD  21030 

ATTN:  J.  Vanderslice,  Chem.  Dept. 

Maxwell  Laboratories,  Inc, 

9244  Balboa  Avenue 
San  Diego,  CA  92123 
ATTN:  V.  Fargo 

University  of  Michigan 
P.O.  Box  622 
Ann  Arbor,  MI  48107 
ATTN:  R.  Meredith 

University  of  Minnesota 
2030  University  Avenue,  S.E. 
Minneapolis,  MN  55414 
ATTN:  J.  R.  Winkler 

Pennsylvania  State  University 
Industrial  Security  Office 
Room  5,  Old  Main  Building 
University  Park,  PA  16802 
ATTN:  L.  Hale 


V 


13 


University  of  Pittsburgh 
Of  the  Comwlth  Sys  of  Higher  Educ 
Cathedral  of  Learning 
Pittsburgh,  PA  15213 
ATTN:  M.  A.  Blond! 

* R&D  Associates 

P.O.  Box  9695 
Marina  Del  Rey,  CA  90291 
ATTN:  F.  Gilmore 

The  RAND  Corporation 
1700  Main  Street 
Santa  Monica,  CA  90406 
ATTN:  C.  Crain 

Stanford  Research  Institute 
333  Ravenswood  Avenue 
Menlo  Park,  CA  94025 
ATTN:  D,  J.  Eckstrom 

C.  Hulbert 
G,  Chesnut 
A.  M.  Peterson 
R.  D.  Hake,  Jr. 

• 

William  Marsh  Rice  University 
P.O.  Box  2692 

' Houston,  TX  77001 

ATTN;  J.  w.  Chamberlain 


14 


